The solvolysis of poly(ethylene terephthalate) from disposed beverage bottles by an aqueous solution of lactic acid, followed by the zinc acetate catalyzed polycondensation of the solvolytic product, yielded a series of aromatic-aliphatic copolyesters containing up to 55 mol.% of incorporated lactic acid structural units. Their molecular parameters were determined using SEC and viscometry. According to DSC, the copolyesters have amorphous structure. Selected copolyester samples were subjected to abiotic hydrolysis at pH 7 and 60 °C. After three days of hydrolysis, the mass of the samples decreased substantially and their molar mass was reduced. At 37 °C, strong degradation of copolyesters by action of the actinomycete Rhodococcus erythropolis was observed. Biodegradability of the copolyesters was confirmed by a composting test. In addition to the changes of the molecular structure of the composed samples, the physical degradation of the foils of the samples tested was also documented by SEM.
Introduction
Poly(ethylene terephthalate) (PET) is a very valuable material, its main use being for the production of textile fibers but the diversity of its application is broad. Recently, its importance for the packaging industry has been growing enormously, especially in the sector of beverage bottles. Bottles made of PET were first protected by a US patent in 1973 as "hollow, biaxially oriented thermoplastic products from poly(ethylene terephthalate)". During the following three decades they entered successfully the packaging market where they superseded gradually glass bottles for mineral waters, non-alcoholic beverages, both carbonated and non-carbonated. Presently, even the percentage of beer being sold in PET-bottles has increased.
Obviously, with increasing consumption of the PET packages, the problem of disposed package handling becomes more serious. Although the collection and recycling of separated waste PET, as compared to other types of plastic waste, can presently be considered the most successful recycling technology, the portion of recycled material relative to the overall volume of the polymer used for the bottle production does not surpass substantially 20 % in worldwide average. The rest is being burnt in incinerator plants or deposited in landfills. The fate of the bottles in landfills can only be speculated about because they were used in landfills only a short time ago -shorter than that needed to make the changes of material detectable. PET marks out with a relatively good resistance to open-air ageing [1] as well as to the microbial attack [2, 3] . Only recently, interesting results have been published on an effective hydrolysis of PET catalyzed by a hydrolase from the Thermobifida fusca actinomycete [4] .
Of the recycling technologies used nowadays to recover PET from the disposed bottles, the physical (mechanical) recycling dominates unequivocally. Vast majority of this polymer waste is processed for fiber applications. Its utilization either in pure form or in mixture with virgin PET for the production of new bottles designed to contain both alimentary and non-alimentary products increases. The material retrieved from disposed beverage bottles serves also for the production of boards and foils.
Glycolysis with ethan-1,2-diol, methanolysis and base-catalyzed hydrolysis are three main procedures of chemical recycling of PET [5, 6] . The products of solvolysis, i.e., bis(2-hydroxyethyl terephthalate), possibly also its dimer or trimer, ethan-1,2-diol, dimethyl terephthalate or terephthalic acid, are used to synthesize the new polyester. Through the controlled glycolysis of PET from disposed beverage bottles, polyols are obtained from which polyurethanes [7, 8] and unsaturated polyester resins can be produced [9] [10] [11] [12] .
The subject of this paper is the synthesis of aromatic-aliphatic copolyesters from PET scrap and aqueous lactic acid. The degradability of copolyesters thus prepared was evaluated by using both abiotic hydrolysis and biodegradation tests.
Results and discussion
A colorless washed detritus of disposed beverage bottles was used to prepare aromatic-aliphatic copolyesters based on PET and L-lactic acid (LA). The solvolysis of PET with aqueous L-lactic acid and the following polycondensation of the solvolytic products were catalyzed by zinc acetate.
Fig. 1.
1 H NMR spectrum of the aromatic-aliphatic copolyester based on PET from used beverage bottles and L-lactic acid. Lactic acid structural units in the copolyester: 48 mol.%.
Copolyesters were thus prepared which contained, according to 1 H NMR, 29-55 mol.% of incorporated structural units of lactic acid, in dependence on the PETP: L-lactic acid ratio in the reaction feed. A typical 1 H NMR spectrum of a copolyester measured in CDCl 3 is shown in Fig. 1 . It was proved by water or ethanol extraction that within the limits of experimental error of the gravimetric determination, the copolyesters contain no extractable fraction. The set of copolymer samples thus prepared is well soluble in chlorinated solvents and in tetrahydrofuran. The copolyesters are light yellowish coloured. Apparent molar masses of the polycondensation products, determined by SEC using a calibration by polystyrene samples with narrow molar mass distributions, ranged from 20 × 10 3 to 155 × 10 3 g.mol -1 (Tab. 1). It have to be emphasized that the determined M w values are distorted by two effects: 1. the hydrodynamic volumes of copolyester coils depend on the ratio and distribution of aromatic and aliphatic structural units in copolyester chains, 2. the SEC system was calibrated by polystyrene standards, a polymer with structure different from analyzed copolymers. Under the given reaction conditions, the mass average molar masses, M w , of copolyesters, as well as the reduced viscosities of their solutions in tricresole (98% m-cresole contaminated by o-and p-isomers), decrease with increasing content of the aliphatic ester units. This is a logical consequence of the change of the hydrodynamic volume of the macromolecular chains, the flexibility of which increases with increasing content of the lactic acid structural units. The results of the thermal analysis of copolyesters (DSC) showed that their structure is amorphous. Glass transition temperatures, T g , of the copolyesters range between 55 and 65 °C, in dependence of the chemical structure. A typical DSC thermogram of copolyester is shown in Fig. 2 . The T g values determined are in a good agreement with the data given in the paper by Grzebieniak et al. [13] , namely, T g = 59-61 °C for copolyesters containing structural units of ethylene terephthalate and lactic acid (23.8 -27 mol.%). Copolyesters obtained by modifying PETP from disposed beverage bottles by lactic acid and containing 29-55 mol.% of the LA structural units soften between 90 and 120 °C. After 30 days of the exposition of the samples under given conditions, a pronounced decrease of the reduced viscosities of the copolyester solutions in tricresole was observed, as compared to the original samples (Tab. 2). This suggests a dramatic drop of their molar masses. As expected, the reduced viscosities of the solutions of unmodified PET subjected to identical conditions of the hydrolysis, was not changed.
Simultaneously with the drop of the reduced viscosities of the samples, also masses of hydrolyzed samples significantly decreased (Tab. 2). Obviously, the reduction of mass becomes stronger with increasing content of the aliphatic ester units. With an unmodified PET, after 30 days of exposition, the change of mass of the sample is negligible (lower than 0.005 wt.%). Except for the copolyester having the lowest content of the aliphatic ester units (30 mol.%), the products of hydrolyses contain less lactic acid structural units, as compared to the original samples. This finding agrees with the better solubility of the low-molar-mass aliphatic, possibly aliphaticaromatic esters in aqueous media, as compared to the purely aromatic esters. After 60 days of abiotic hydrolysis, the products of hydrolytic cleavage of copolyesters virtually have a character of oligomers. For example, with the sample having 33 mol.% of the LA units, mass average molar mass decreased from the original value of M w = 125 700 to 1940. Simultaneously, the index of non-uniformity, M w /M n , dropped from 4.7 to 1.5. In case of the copolyester having 48 mol.% of the LA units, M w decreased from 19 800 to 1040 and M w /M n from 2 to 1.3.
The resistance of the PET/LA copolyesters toward active biological environment was tested in the liquid nutrient medium inoculated with the actinomycete Rhodococcus erythropolis. After 14 days of incubation at 37 o C, a substantial decrease of the reduced viscosities of solutions of the tested copolyester foil samples occurred (Fig. 3) .
The most dramatic changes were observed in the molecular structure of the highest molar mass copolyesters; this fact supports the assumption that the scission of macromolecules is statistical. It was proved that, for copolyesters which are the only source of carbon in the given medium, the growth of microorganisms is distinctly more intensive when the content of the lactic acid structural units is higher than 40 mol.%. The copolyester foils (1 × 1 cm 2 ) placed in a small polyamide net was buried into a compost pile. The compost based on moistened wheat straw mixed and homogenized with laying hen slurry and added with gypsum (30 kg/t) at the beginning of the composting process contained 1.7 wt.% of nitrogen and its humidity was 75%. The temperature of the compost stored in an insulated composting chamber was controlled by aeration; thus the maximum temperature reached was 68 o C, during first 18 days was kept above 50 o C, after that gradually went down, and at the termination of the process (after 42 days) it was even with the ambient temperature. original sample enzymatic hydrolysis for 14 days
Samples A and B composted for 42 days (Tab. 3) were totally destructed. The impurities coming from the compost stuck to some parts of the samples could not be removed even by manifold washing so that the shrinkage of mass of the composted samples could not be determined. The degree of degradation of the tested copolyester macromolecules is supported by a decrease of the reduced viscosities of the polymer sample solutions, or possibly their apparent molar masses, as compared to the original samples. Unlike copolyesters hydrolyzed under abiotic conditions, the composition of the composted samples does not differ significantly from that of the original ones.
The SEM images (Fig. 4 and 5 ) of the surfaces of the composted foils show distinctly the degree of erosion as compared to the original samples. Our experiments indicated that the chemical modification of PET from disposed beverage bottles by an aqueous solution of lactic acid may be one of the ways to transform the polymeric waste, originally resistant to the biological decomposition to aromatic-aliphatic copolyesters with a higher susceptibility toward biodegradation. These copolyesters could be used as a packaging material either as such or in combination with natural polymers, primarily polysaccharides.
Conclusions
Solvolysis of a washed detritus from disposed PET beverage bottles by an aqueous solution of lactic acid at 250 °C followed by a polycondensation of the reaction products yielded a series of aromatic-aliphatic copolyesters containing 29-55 mol.% of the lactic acid structural units.
Copolyesters, their composition ranging between the mentioned limits, were subjected to a hydrolysis under abiotic conditions (pH 7, 60 °C). After 30 days, the extent of the degradation was indicated by a marked decrease of the mass of the samples, as well as a decrease of the reduced viscosities of their solutions in tricresole, as compared to the original samples.
A pronounced change of the molecular structure of the copolyester samples occurred also in the liquid culture medium with the actinomycete Rhodococcus erythropolis at 37 °C after 14 days of the exposition.
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The composting test under controlled conditions showed a disintegration of the copolyester foils, accompanied by a dramatic drop of their reduced viscosities and apparent molar masses, already after 42 days.
Experimental part

Materials and Methods
Poly(ethylene terephthalate) (PET) -washed colorless crushed material from used beverage bottles, η red of tricresole solution (25 °C) 68 cm 3 g -1 ; L-lactic acid, 85% aqueous solution (Sigma Aldrich, Germany), zinc acetate (Fluka Chemie AG, Swiss), 98% m-cresole (Lachema, Czech Republic) were used.
Synthesis of copolyesters
Aromatic-aliphatic copolyesters were prepared in a two-step process: (i) PET, granules ca 1 mm in diameter, were treated with aqueous solution of L-lactic acid for 2 hours at 250 °C in the presence of 0.2 wt. % of zinc acetate, related to PET amount in a 250 cm 3 distillation flask. The molar ratio of ethylene terephthalate and lactic acid structural units in the feed was changed in the range 1:1.8 to 1:4. (ii) The homogeneous solvolytic product was heated at 250 °C for 2 hours under continually sinking pressure to 0.1 kPa and subsequently polycondensed at this pressure for 24 -27 hours. Films of 0.1 -0.5 mm thickness were prepared by moulding between Teflon films at a temperature of 20 °C higher than the corresponding softening temperature.
Degradation procedure
Abiotic hydrolysis: Model hydrolysis of copolyester films (0.3 mm thickness) was carried out in phosphate buffer, pH 7, at 60 °C for period up to 30 days. Samples after test were washed with water and dried to constant weight.
Biodegradation by composting: Copolyester films 1x1 cm (0.2 or 0.5mm thickness) placed in a polyamide (Nylon 6) net were buried in a compost pile for 42 days. The composting proceeded under controlled conditions (temperature, CO 2 and O 2 ) inside the composting pile in a thermally insulated composting chamber using a standard mixture of raw materials used for cultivation of white button mushrooms as described earlier [13] . After finishing the test, the degraded samples were cleaned, rinsed with water and dried.
Biodegradation by Rhodococcus erythropolis: Films of copolyesters washed with ethanol were incubated in a mineral nutrient medium of pH 7, where the only carbon source was the copolyester. The medium was inoculated with the actinomycete Rhodococcus erythropolis and incubated at 37 °C under continuous shaking for 14 days. Afterwards samples tested were washed with water and dried to constant weight.
Sample analysis
(i) SEC was performed at ambient temperature with a PS-EDMA column (8 mm diameter, 250 mm length) applying a flow rate of 0.5 cm 3 min -1 of THF and a concentration of 5 mg cm -3 (50μl injection volume). A R 401 refractive index detector and SDS030 HPLC pump was used. The system was calibrated by polystyrene standards.
(ii) Reduced viscosities were determined using Ubbelohode viscometer. PET and copolyesters were dissolved in tricresole (concentration of polymer solution approx. 0.25 wt.%) at 25 °C.
(iii) Thermal properties of copolyesters were evaluated by DSC using DSC 2920 Modulated differential scanning calorimeter TA Instruments in the temperature range of 20-260 °C, heating rate of 10 °C/min and nitrogen purge (50 cm 3 min -1 ).
(iv) The surface structure of degraded films was observed by SEM using TESLA BS 340 at accelerated voltage 15 kV. The films were fixed and gold-plated by sputtering.
